Androgens inhibit the growth of breast cancer cells, but the mechanism of androgen-induced growth inhibition has not yet been elucidated, and few androgen-responsive genes have been identified. We, therefore, used differential display PCR to identify novel androgenresponsive genes in ZR-75-1 human breast cancer cells. The human UDP-glucose dehydrogenase gene (UDPGDH), which was not known to be androgen regulated, was detected and cloned by complementary DNA library screening. The UDPGDH open reading frame codes for a protein of 494 amino acids that migrates at an apparent molecular mass of approximately 54 kDa. Northern blot analysis revealed the existence of two messenger RNA species of approximately 3.5 and 2.7 kb in all of the human breast cancer cell lines examined. The major UDPGDH transcript was induced rapidly (within 6 h) by dihydrotestosterone in ZR-75-1 cells, and a maximal 13-fold induction was observed after 24 h of treatment. The increase in UDPGDH messenger RNA was completely prevented by coincubation with the pure antiandrogen hydroxyflutamide, but not by cycloheximide, indicating that UDPGDH is directly regulated by the androgen receptor. As UDPGDH is required for the production of uridine 5Ј-diphosphoglucuronic acid, a substrate for the steroid-conjugating uridine diphospho-glucuronosyltransferase enzymes, up-regulation of UDPGDH expression by androgens might play an important role in the control of sex steroid inactivation via glucuronidation in breast cancer cells. (Endocrinology 140: 4486 -4493, 1999) 
A NDROGENS are known to inhibit human breast cancer cell proliferation in vitro (1) as well as in vivo (2) , and clinical observations indicate that androgens or androgenic compounds can have beneficial effects on breast cancer growth in women (3) . The most potent natural androgen is 5␣-dihydrotestosterone (DHT). DHT interacts with high affinity with the androgen receptor (AR), a cellular DHT-binding transcription factor (4 -7). The AR is a member of the steroid hormone receptor superfamily, and the mechanism of action of DHT is similar to that of other steroid hormones (8, 9) . Upon binding to DHT, the AR becomes activated and associates with the regulatory regions of DHT-responsive genes via androgen response elements. In humans, the bestcharacterized androgen-responsive gene is the prostatespecific antigen gene (10, 11) .
The AR is expressed in androgen target tissues such as the prostate as well as in the mammary gland and a large proportion of human breast tumors (12) (13) (14) (15) . However, the role of androgens in breast physiology and the mechanisms of androgen-induced growth inhibition of breast cancer cells are poorly understood. We have previously reported that DHT prolongs the duration of the cell cycle in ZR-75-1 cells in vitro (16) . Part of the growth inhibitory effect of androgens may also be attributed to androgen-induced down-regulation of the estrogen receptor (17) . However, the inhibitory effect of androgens on breast cancer cell growth is additive to that of antiestrogens and also occurs in the absence of estrogenic stimulation, suggesting that androgens exert a direct inhibitory effect on breast cancer cell proliferation that is independent of estrogen receptor levels (1, 2) .
Identifying androgen-responsive genes in breast cancer cells will probably yield informative clues on the mechanism of the beneficial androgen action in breast cancer. Androgens are known to up-regulate GCDFP-15 (gross cystic disease breast fluid protein) and GCDFP-24 (apolipoprotein D) messenger RNA (mRNA) levels in breast cancer cells (18, 19) , but the role of these proteins in androgen-induced growth inhibition is unknown. More recently, we observed that androgens down-regulate the expression of the antiapoptotic protooncogene bcl-2 in ZR-75-1 cells, suggesting that modulation of apoptosis may be involved in androgen-induced growth inhibition (20) .
To better understand the mechanism of androgen action, we proceeded to identify a larger number of androgenregulated transcripts in ZR-75-1 cells by differential display PCR. We report here the identification and cloning of UDP-glucose dehydrogenase (UDPGDH), a novel androgeninduced gene in human breast cancer cells. 
Cell culture
The MCF-7, ZR-75-1, T-47D, MDA-MB-231, MDA-MB-468, and BT-20  cell lines were obtained from American Type Culture Collection (Manassas, VA) . MCF-7 cells were propagated in DMEM-Ham's F-12 medium containing 5% (vol/vol) FBS supplemented with 2 mm l-glutamine, 100 IU penicillin/ml, 50 g streptomycin/ml, and 1 nm E 2 . T-47D and ZR-75-1 cells were cultured in RPMI medium containing 10% FBS, glutamine, antibiotics, and 1 nm E 2 . MDA-MB-231, MDA-MB-468, and BT-20 cells were grown in MEM with 5% FBS, 1% nonessential amino acids, and antibiotics.
For experimental protocols, ZR-75-1 cells were plated in phenol redfree RPMI 1640 supplemented with 2 mm l-glutamine, 100 IU penicillin/ ml, 50 g streptomycin/ml, 5% (vol/vol) dextran-coated charcoaltreated FBS, and 0.1 nm E 2 . After 72 h, the medium was replaced with fresh medium containing either 0.1 nm E 2 alone or in combination with 1 nm DHT. For the differential display experiment, ZR-75-1 cells were harvested after 48 h of incubation with E 2 or E 2 and DHT. Selection of the 48-h incubation period was based on the observation that pS2 mRNA levels were significantly down-regulated in DHT-treated cells at this time point (data not shown). For the time-course experiment, ZR-75-1 cells were cultured as described above and harvested after 0, 1, 6, 24, and 48 h of treatment. Experiments with the protein synthesis inhibitor cycloheximide, the RNA synthesis inhibitor actinomycin D, and the antiandrogen hydroxyflutamide were performed by adding the compounds to the cell culture medium at concentrations of 10 g/ml, 1 g/ml, and 3 ϫ 10 Ϫ6 m respectively, for 6 h in the presence of E 2 and DHT.
Differential display PCR
Differential display PCR was performed using the Delta Differential Display Kit (CLONTECH Laboratories, Inc., Palo Alto, CA). Total RNA was isolated from ZR-75-1 human breast cancer cells using Tri-Reagent (Molecular Research Center, Inc., Cincinnati, OH) and treated with ribonuclease-free deoxyribonuclease I to remove contaminating DNA. DNA-free RNA (2 g) from control and DHT-treated cells was processed to complementary DNA (cDNA) using Moloney murine leukemia virus reverse transcriptase and an oligo(deoxythymidine) [oligo(dT)] primer. PCR reactions were performed in the presence of 50 m deoxy (d)-NTPs, 1 m primers, 50 nm [␣- 33 P]dATP (2000 Ci/mmol; NEN Life Science Products, Boston, MA), and 1 ϫ Advantage KlenTaq Polymerase Mix and reaction buffer (CLONTECH Laboratories, Inc.). Thermal cycling was performed using a RoboCycler Gradient 40 (Stratagene, La Jolla, CA) as follows: one cycle at 94 C for 5 min, 40 C for 5 min, and 68 C for 5 min, followed by two cycles at 94 C for 40 sec, 40 C for 40 sec, and 68 C for 5 min, followed by 23 cycles at 94 C for 30 sec, 60 C for 40 sec, and 68 C for 130 sec, and then 68 C for an additional 7 min. After amplification, PCR products were analyzed by electrophoresis on 6% polyacrylamide-7 m urea gels and visualized by autoradiography. Differentially expressed bands were excised from the dried gel, reamplified by PCR using the corresponding 5Ј-and 3Ј-primers used for differential display and subcloned into pBluescript-SK vector. Inserts were sequenced by dideoxynucleotide sequencing.
Northern blot analysis
For Northern blot analyses, 5 or 10 g total RNA were electrophoresed through 1% agarose-formaldehyde gels in 1 ϫ MOPS buffer (40 mm morpholino-propanesulfonic acid, 10 mm sodium acetate-3 H 2 O, and 0.1 mm EDTA). The size-fractionated RNA was transferred to nylon membranes (GeneScreen Plus, NEN Life Science Products) and crosslinked by UV light. RNA blots were prehybridized in 50% (vol/vol) formamide, 5 ϫ Denhardt's solution [0.1% (wt/vol) polyvinylpyrrolidone, 0.1% (wt/vol) BSA, and 0.1% (wt/vol) Ficoll 400], 5 ϫ SSPE (750 mm NaCl, 50 mm NaH 2 PO 4 -H 2 O, and 5 mm EDTA), 10% (wt/vol) dextran sulfate, 1% (wt/vol) SDS, and 100 g/ml sonicated salmon sperm DNA. Hybridizations were performed in fresh prehybridization buffer without salmon sperm DNA. 32 P-Labeled UDPGDH cDNA probes were prepared using the random priming method and [␣-32 P]dCTP (NEN Life Science Products). The P4/T1 cDNA fragment corresponding to UDPGDH coding nucleotides 904-1037 was used to confirm that the fragment isolated by differential display corresponded to an androgen-responsive mRNA (Fig.  2) . All other RNA blots were probed with a BamHI-EcoRI cDNA fragment derived from the UDPGDH cDNA that corresponded to coding nucleotides 1197-1409 of the 1482-bp coding region. The 593-bp AR probe (coding nucleotides 470-1083) was generated by digesting the full-length AR cDNA with PvuII. RNA blots were prehybridized for 1 h at 42 C and hybridized overnight at 42 C with 1 ϫ 10 6 cpm/ml radiolabeled probe. Membranes were washed twice in 2 ϫ SSPE at room temperature for 15 min and once in 2 ϫ SSPE-2% SDS at 55 C for 30 min. Northern blots were exposed to Hyperfilm MP (Amersham Pharmacia Biotech, Aylesbury, UK) at Ϫ80 C using intensifying screens. Subsequently, Northern blots were probed with a 32 P-labeled GAPDH cDNA as a loading control. As the GAPDH and UDPGDH mRNAs differ significantly in size, the blots were not stripped between sequential hybridizations. X-Ray films were quantitated by scanning densitometry using the Bioimage 110 S (Millipore Corp., Bedford, MA) to measure UDPGDH and GAPDH mRNA levels. The apparent mol wt of UDPGDH mRNAs was estimated using the 0.24-to 9.5-kb RNA ladder (Life Technologies, Inc., Gaithersburg, MD).
Construction and screening of an MCF-7 cDNA library
An amplified cDNA library was constructed from human MCF-7 breast cancer cell polyadenylated RNA using the Zap Express cDNA synthesis kit and the oligo(dT) linker primer according to the supplier's protocol (Stratagene, La Jolla, CA). Approximately 1.5 ϫ 10 6 recombinant phage plaques were screened using the 32 P-labeled P4/T1 cDNA fragment isolated by differential display. phage plaques were transferred to Hybond-N nylon membranes (Amersham Pharmacia Biotech). Membranes were prehybridized and hybridized in 50% (vol/vol) formamide, 5 ϫ Denhardt's solution, 5 ϫ SSPE, 0.1% (wt/vol) SDS, and 100 g/ml salmon sperm DNA. Filters were prehybridized for 3 h at 42 C and hybridized overnight at 42 C. The filters were then washed twice in 2 ϫ SSC (300 mm NaCl, 30 mm sodium citrate dihydrate)-0.1% SDS at room temperature for 15 min and in 0.1% SSC-0.1% SDS at 50 and 55 C for 30 min. The membranes were exposed to Hyperfilm MP (Amersham Pharmacia Biotech) at Ϫ80 C with intensifying screens. Twenty-eight plaques that hybridized to the radiolabeled UDPGDH fragment were replated and subjected to a second screening using the same probe. Single clones were excised according to the instructions provided by Stratagene to yield phagemids containing the UDPGDH inserts in pBK-CMV phagemid vector. Double stranded P4/T1 UDPGDH fragment and UDPGDH cDNA templates were sequenced using the dideoxy chain termination method with [␣- 35 S]dATP and T7 polymerase (Amersham Pharmacia Biotech). The two longest UDPGDH cDNAs were sequenced in both orientations. The 5Ј-and 3Ј-extremities of shorter clones were also sequenced. The nucleotide sequence of the P4/T1 cDNA fragment obtained by differential display and the UDPGDH cDNA obtained by cDNA screening were compared against the National Center for Biotechnology Information databases using the BLAST Sequence Similarity Searching program.
Expression plasmids
To construct an expression vector for epitope-tagged UDPGDH, the coding region of human UDPGDH was amplified by standard PCR techniques using 5Ј-and 3Ј-primers complementary to coding nucleotides 1-24 and 1782-1758, respectively. The 5Ј-primer also contained a KpnI site for subcloning and a Kozak consensus sequence for optimal translation, whereas the 3Ј-primer contained an XhoI site for subcloning. The PCR fragment was inserted into the KpnI and XhoI sites of pcDNA3-HA (21) in-frame with sequences encoding the hemagglutinin (HA) epitope (22) . Based on the confirmed sequence of plasmid pcDNA3-UDPGDH-HA, the deduced sequence of the tagged UDPGDH protein consists of UDPGDH amino acids 1-494, followed by the amino acids encoded by the vector polylinker sequences (RYLEHASRGR) and a C-terminal HA tag (YPYDVPDYASL).
Transient transfections and Western blotting
For transient expression of HA-tagged UDPGDH, MCF-7 cells were plated at 5 ϫ 10 5 cells/well in six-well culture plates. The cells were transfected 24 h later with 2.5 g pcDNA3HA or pcDNA3-UDPGDH-HA plasmid/well using 5 l Exgen 500 reagent according to the manufacturer's instructions (MBI Fermentas, Amherst, NY). Approximately 16 h after transfection, the cells were washed twice with PBS and lysed on ice for 30 min in 50 l Nonidet P-40 lysis buffer [150 mm NaCl, 50 mm Tris (pH 8), and 1% (vol/vol) Nonidet P-40]. Insoluble material was removed by centrifugation. Proteins (50 g/lane) were separated on 12% SDS-polyacrylamide gels and electroblotted to 0.2-m nitrocellulose membranes (Schleicher & Schuell, Inc., Keene, NH). The blots were blocked in 20 mm Tris and 137 mm NaCl containing 5% (wt/vol) dried milk, 0.05% (vol/vol) Tween-20, and 0.05% (vol/vol) Nonidet P-40 at room temperature for 1 h and incubated at 4 C overnight with a polyclonal antibody against the HA epitope (Berkeley Antibody Co., Richmond, CA). After a 1-h incubation with peroxidase-conjugated antirabbit antibodies (Amersham Pharmacia Biotech), proteins were detected using the SuperSignal Ultra chemiluminescent detection system (Pierce Chemical Co., Rockford, IL). The apparent mol wt of epitopetagged UDPGDH was estimated using prestained protein mol wt standards (Life Technologies, Inc.).
Results

Identification of UDPGDH by differential display PCR
We used differential display PCR to identify androgenregulated mRNAs in ZR-75-1 human breast cancer cells. Estrogen-sensitive ZR-75-1 cells were grown in the presence of 0.1 nm E 2 (to stimulate cell proliferation) alone or in combination with 1 nm of the androgen DHT. The mRNA expression patterns of control and DHT-treated ZR-75-1 cells were compared using primers P4 (5Ј-ATTAACCCTCACTA-AATGCTGGTAG-3Ј) and T1 (5Ј-CATTATGCTGAGT-GATATCTTTTTTTTTAA-3Ј). A radiolabeled cDNA fragment of approximately 500 bp was detected in cDNA samples derived from total RNA of DHT-treated cells, but not in samples prepared from control ZR-75-1 cells (Fig. 1A) .
The DNA fragment was excised from the gel, reamplified by PCR using the P4 and T1 primers used for differential display, gel purified (Fig. 1B) , and subcloned.
The 492-bp P4/T1 cDNA fragment was then radiolabeled and used to probe a Northern blot of the same pool of mRNAs used for differential display. Figure 2 shows that the fragment hybridized to a prominent 3.5-kb transcript and a fainter 2.7-kb mRNA in ZR-75-1 cells. In agreement with the results of the differential display analysis, the two transcripts were more abundant in DHT-treated cells than in control cells, confirming that the P4/T1 cDNA fragment corresponded to an androgen-responsive gene. These results were confirmed using different pools of mRNAs from DHTtreated and control ZR-75-1 cells (data not shown).
Cloning and expression of human UDPGDH
The sequence of the P4/T1 cDNA fragment was compared with National Center for Biotechnology Information databases using the BLAST Sequence Similarity Searching program. Comparison of the potential open reading frames of this fragment suggested that it might correspond to the human homolog of the bovine UDPGDH (GenBank accession no. AF001310).
To obtain a full-length cDNA clone for putative human UDPGDH, we screened an MCF-7 breast cancer cell cDNA library using the P4/T1 cDNA fragment as a probe. The 2 longest overlapping clones were sequenced in their entirety in both orientations. The longest cDNA was 2924 bp in length and contained a 32-nucleotide 5Ј-untranslated region and a 3Ј-untranslated region of 1410 bp with three consensus polyadenylation signals (AAUAAA) located at positions 2103, 2310, and 2880 of the cDNA sequence. The most 3Ј-polyadenylation signal is located 21 nucleotides upstream from the polyadenylase tail. The longest uninterrupted open reading frame of 1482 bp encoded a protein of 494 residues (Fig. 3) . Sequencing of the 5Ј-and 3Ј-ends of seven shorter cDNAs indicated that they were comprised within the longest cDNA.
During the course of this work, Spicer et al. produced a composite human UDPGDH sequence by aligning expressed sequence tags to form a continuous cDNA and using RT-PCR fragments to bridge gaps in the sequence (23) . The sequence alone (control) or in combination with DHT (10 Ϫ9 M). Total RNA was isolated from control and DHT-treated cells and used for cDNA synthesis in the presence of oligo(dT) primer and Moloney murine leukemia virus reverse transcriptase. A fraction of each cDNA was amplified by PCR using P4 and T1 primers, [␣- 33 P]dATP, and dNTP mix. The products were analyzed on a denaturing 6% acrylamide gel. The gel was dried and exposed to x-ray film. B, The differentially displayed cDNA was amplified by PCR using the P4 and T1 primers and was separated on a 1% agarose gel along with DNA size markers. of the MCF-7 UDPGDH cDNA that we isolated is identical to the published sequence (GenBank accession no. AF061016) with the exception of a few nucleic acid differences in the 3Ј-untranslated region. These changes are underlined in Fig.  3 . The cDNA sequence published by Spicer et al. contains an additional 46 nucleotides of 5Ј-untranslated nucleotides with an in-frame termination codon located 42 bp upstream of the putative translation initiation codon, indicating that the cloned UDPGDH cDNAs encode the full-length human UDPGDH protein. Human UDPGDH shows 98% similarity with bovine UDPGDH, but differs at its C-terminus, where it contains an additional 26 amino acids (24) . The calculated molecular mass of human UDPGDH is 55 kDa. To estimate the molecular mass of human UDPGDH in vivo, the coding region of UDPGDH was subcloned into an expression vector in-frame with sequences encoding a Cterminal HA epitope tag. The resulting plasmid, pcDNA3-UDPGDH-HA, was transiently transfected into MCF-7 cells, and whole cell extracts were analyzed by immunoblotting using a polyclonal antibody directed against the HA epitope. HA-tagged UDPGDH migrated at an apparent molecular mass of approximately 54 kDa (Fig. 4) . As the epitope-tagged protein contains 21 heterologous residues at its C-terminus, the apparent molecular mass of the native protein is estimated to be approximately 52 kDa, which corresponds to the apparent molecular mass of bovine UDPGDH (24) .
Expression of UDPGDH mRNA in breast cancer cell lines
To determine whether UDPGDH is widely expressed in human breast cancer cells, we examined the expression of UDPGDH mRNA in the estrogen-sensitive MCF-7, ZR-75-1, and T-47D human breast cancer cell lines as well as in the estrogen-insensitive MDA-MB-231, MDA-MB-468, and BT-20 cell lines. RNA was isolated from cells grown under routine culture conditions, and UDPGDH and androgen receptor expression was evaluated by Northern blot analysis. AR mRNA was expressed abundantly in ZR-75-1 and T-47D cells, whereas UDPGDH mRNA was detected in all six cell lines examined regardless of the androgen receptor status (Fig. 5) . As in ZR-75-1 cells, the long (3.5-kb) transcript was more abundant than the short (2.7-kb) mRNA, but both mRNAs were generally coexpressed. In addition to breast cancer cells, UDPGDH mRNA was also detected in commercially available RNA samples prepared from normal human breast tissue (CLONTECH Laboratories, Inc.) as well as in a wide variety of human tissues, including the heart, placenta, liver, prostate, ovary, pancreas, and digestive tract (data not shown). The presence of two transcripts was also observed by Spicer et al. (23) . It is presently unknown whether the presence of these two transcripts arises by use of different polyadenylation sites or alternative splicing.
Regulation of UDPGDH mRNA levels by DHT in ZR-75-1 cells
We measured UDPGDH mRNA levels in ZR-75-1 cells harvested after 1-48 h of DHT treatment to determine the time course of UDPGDH mRNA induction in DHT-treated ZR-75-1 cells. Cells harvested before the addition of DHT and after an additional 48 h of incubation with E 2 alone served as controls. As illustrated in Fig. 6 , Northern blot analysis revealed that the steady state levels of UDPGDH mRNA had already increased markedly after 6 h of DHT treatment, whereas maximal levels of UDPGDH RNA were attained 24 h after the addition of DHT. Based on densitometry data averaged from independent experiments, the levels of the long UDPGDH transcript were 4, 13, and 13 times higher in cells incubated with DHT for 6, 24, and 48 h, respectively, than in control cells. The levels of the short UDPGDH mRNA were 3, 10, and 10 times higher after 6, 24, and 48 h of DHT treatment, respectively. In agreement with the presence of AR mRNA in T-47D cells, UDPGDH mRNA levels also increased after incubation of T-47D cells with DHT (data not shown).
To determine whether the induction of UDPGDH mRNA requires protein synthesis, ZR-75-1 cells were treated with DHT in combination with the protein synthesis inhibitor, cycloheximide (10 g/ml), for 6 h. As shown in the Northern blot of Fig. 7 , UDPGDH mRNA levels increased after a 6-h incubation with DHT. This induction was not abolished by cycloheximide (Fig. 7) , suggesting that the increase in UDPGDH mRNA caused by DHT is independent of new protein synthesis. In contrast to cycloheximide, the RNA synthesis inhibitor actinomycin D (1 g/ml) abolished the induction of UDPGDH mRNA in DHT-treated cells (Fig. 7) . The pure antiandrogen hydroxyflutamide also abolished the induction of UDPGDH by DHT (Fig. 7) , indicating that the induction of UDPGDH mRNA by DHT is an AR-dependent event.
Discussion
The present data identify a new androgen-responsive gene in ZR-75-1 human breast cancer cells. We, in fact, found that UDPGDH transcripts are ubiquitously expressed in human breast cancer cells and that they are coinduced by DHT in androgen-sensitive ZR-75-1 cells. In contrast to other androgen-induced genes in mammary cells that are usually responsive to estrogens, UDPGDH appears to be specifically regulated by androgens, as antiestrogens had no effect on UDPGDH mRNA levels in ZR-75-1 breast cancer cells (data not shown). Androgens and estrogens exert opposite effects on several parameters in breast cancer cells. For example, androgens block estrogen-induced cell proliferation as well as estrogen-induced cathepsin D (18) and pS2 gene expression (20) . Androgens and estrogens also exert opposite effects on GCDFP-15 and GCDFP-24 expression (18, 19) .
UDPGDH converts UDP-glucose to uridine 5Ј-diphosphoglucuronic acid (UDPGA). This activity has been demonstrated using bovine UDPGDH (25) and cloned mouse UDPGDH (23) , which show 98% amino acid identity with the cloned human enzyme (Ref. 23 and this paper). In vertebrates, uridine diphospho-glucuronosyltransferases (UGTs) catalyze the transfer of the glucuronyl group from UDPGA to endogenous lipid-soluble molecules, such as bilirubin, drugs, and steroid hormones (26, 27) . The resulting glucuronidated products are more polar and more easily excreted. Therefore, up-regulation of UDPGDH in androgen-treated breast cancer cells may play an important role in modulating the actions of sex steroids in breast cancer cells by affecting sex steroid metabolism.
This detoxification mechanism is very active in the liver, but several lines of evidence indicate that sex steroid glucuronidation is an important inactivating pathway in the gonads (28, 29) as well as in peripheral target tissues such as the normal prostate (30, 31) and mammary gland (32) as well as in prostate (LNCaP) and breast (MCF-7, ZR-75-1) cancer cell lines (33, 34) . In fact, UGT enzymes are widely expressed in target tissues. The isoform UGT2B15 is expressed in the mammary gland, in LNCaP prostate cancer cells, as well as in MCF-7 breast cancer cells (35) , whereas UGT2B17 mRNA has been detected in the mammary gland and LNCaP cells (36) . Unfortunately, the expression profile of UGT enzymes in other breast cancer cell lines has not been studied extensively.
Steroid glucuronidation in target tissues is regulated by a number of different factors. Both sex steroids and growth factors have been shown to decrease androgen glucuronidation and UGT expression in LNCaP cells, thereby potentially augmenting the useful lifetime of androgens (36) . In fact, DHT itself inhibits the formation of DHT glucuronide (DHT-G), and growth factors such as epidermal growth factor as well as acidic and basic fibroblast growth factor decrease DHT-G formation in LNCaP cells (37) (38) (39) . In addition, the cytokine interleukin-1␣ inhibits the formation of DHT-G and down-regulates UGT2B17 mRNA levels in LNCaP cells (40) . Presumably, up-regulation of UDPGDH by DHT in ZR-75-1 cells may affect the inactivation of sex steroids, although it is not known whether the abundance of UDPGDH is limiting for sex steroid glucuronidation. The observation that interleukin-1␤ also augments UDPGDH mRNA levels in fibroblasts supports the concept that the modulation of UDPGDH mRNA levels may be an important regulatory mechanism in various physiological processes (23) .
Sex steroid inactivation via glucuronidation represents an active pathway for controlling the action of antagonistic sex steroids in target cells such as the mammary gland. In fact, as mentioned above, androgens and estrogens exert opposite effects on breast cancer cell proliferation (1), and estrogens have been shown to stimulate DHT inactivation via glucuronidation in MCF-7 breast cancer cells (41) . Thus, one could assume that the up-regulation of UDPGDH in DHT-treated ZR-75-1 cells might contribute to the inactivation of growthstimulating estrogens. In addition, up-regulation of UDPGDH may also affect as yet unidentified gene regulatory pathways in addition to those that lie downstream of the classical sex steroid receptors. For instance, DHT metabolites were thought to be devoid of biological activity until the recent discovery that some of these metabolites can modulate the activity of an orphan nuclear receptor in the mouse (42) . As DHT metabolites are also eliminated via glucuronidation, this finding suggests that glucuronidation of DHT and its metabolites may be an important regulatory mechanism. UDPGDH is expressed in several human tissues, including the mammary gland, and it is ubiquitously expressed in the breast cancer cell lines that we examined. The widespread expression of UDPGDH is not surprising, as UDPGA is essential for the biosynthesis of proteoglycans such as heparan and chondroitin sulfate that are found predominantly on the cell surface and in the extracellular matrix. In Drosophila, embryos with a mutated UDPGDH gene show embryonic cuticle phenotypes similar to those that result from loss of function mutations in genes of the Wingless signaling pathway (43) (44) (45) . It has been proposed that proteoglycans may serve as low affinity coreceptors for growth factors such as fibroblast growth factor and transforming growth factor-␤ and thereby modulate the ability of the growth factor or its cognate signaling receptor to produce a biological response (for review, see Ref. 46 ). If UDPGDH up-regulation were to affect proteoglycan formation, one could speculate that the resulting effects on growth factor action might contribute to the growth inhibitory effect of DHT in breast cancer cells.
Differential display PCR is a powerful tool for identifying hormone-responsive genes (47) . Novel androgen-regulated genes, such as NKX3.1 (48) and clathrin (49) , have been identified in this manner in the prostate. Unfortunately, our understanding of the mechanism of androgen action and androgen-induced growth inhibition of breast cancer cells is limited by the small number of androgen-responsive target genes that have been isolated to date. The identification of additional androgen-regulated genes, such as UDPGDH, by differential display should greatly contribute to our understanding of androgen action in breast cancer.
